We have measured the rate of inelastic collisions in a cloud of doubly polarized ground-state cesium atoms (F m F 4) confined in a magnetic trap for temperatures T between 8 and 70 mK. We find a two-body rate coefficient varying as T [3] has attracted a lot of attention. The atomic sample is spin polarized and confined in a magnetic trap. The condensation is reached using the elastic collisions between the trapped atoms to evaporatively cool the gas to a temperature below 1 mK. Although these gaseous assemblies are not truly stable at such a low temperature, the time involved with the relaxation processes, such as two-body spin dipolar relaxation or three-body recombination, is quite long. For typical atomic densities of 10 13 10 14 cm 23 , the lifetime for the condensate is several seconds, leaving enough time for a study of the condensate properties.
(Received 6 November 1997) We have measured the rate of inelastic collisions in a cloud of doubly polarized ground-state cesium atoms (F m F 4) confined in a magnetic trap for temperatures T between 8 and 70 mK. We find a two-body rate coefficient varying as T 20 The recent success of Bose-Einstein condensation experiments with atomic vapors of rubidium [1] , lithium [2] , and sodium [3] has attracted a lot of attention. The atomic sample is spin polarized and confined in a magnetic trap. The condensation is reached using the elastic collisions between the trapped atoms to evaporatively cool the gas to a temperature below 1 mK. Although these gaseous assemblies are not truly stable at such a low temperature, the time involved with the relaxation processes, such as two-body spin dipolar relaxation or three-body recombination, is quite long. For typical atomic densities of 10 13 10 14 cm 23 , the lifetime for the condensate is several seconds, leaving enough time for a study of the condensate properties.
We show in this Letter that this metastability is not "universal": For a gas of doubly polarized cesium atoms, inelastic collisions limit the atomic density to a value much below the condensation threshold. The case of cesium is of particular interest because the hyperfine splitting DE Ӎ h 3 9.2 GHz of its ground state into two sublevels with angular momenta F 3 and F 4 is the basis of primary time and frequency standards.
A cesium atomic gas in its doubly polarized (electron 1 nucleus) ground state ͑F m F 4͒, trapped in a magnetic field minimum, was initially considered to be a very good candidate for Bose-Einstein condensation (BEC) [4] . In zero magnetic field and for densities below 10 13 cm 23 , the dominant loss process is predicted to be a spin dipole relaxation, occurring through the magnetic dipole-dipole interaction. After a collision of two polarized cesium atoms, one or both atoms may emerge in the level F 3. The internal energy (DE or 2DE) is converted into kinetic energy shared between the two atoms. As DE k B 3 0.44 K is much larger than the typical trap depth (ϳk B 3 1 mK), the two atoms escape from the trap after the inelastic collision. The rate coefficient for this process was estimated to be in the range of 10 215 cm 3 s 21 [4] , which should not be a limitation for the achievement of BEC with densities similar to other alkali experiments.
We report here measurements performed on polarized Cs atoms trapped in a static magnetic trap [5] . The cloud is prepared with adjustable temperature using evaporative cooling. We monitor the decay of atoms out of the trap as a function of time. At 8 mK we find a two-body loss rate of 4 3 10 212 cm 3 s 21 . This spectacular deviation from the theoretical expectation by 3 orders of magnitude may be a consequence of the zero-energy resonance for elastic collisions that has recently been observed in cesium [6] .
The experiment is performed in a double cell system which has been described in detail elsewhere [7] . The experimental sequence is the following: During the first 5 s, we collect ϳ2 3 10 8 atoms in a magneto-optical trap (MOT) in the upper cell from the residual 133 Cs vapor (pressure ϳ10 28 mbar). The trap light and the magnetic field are then switched off, and the atoms fall into the lower cell located 70 cm below (pressure ,10 210 mbar). They are recaptured in a second MOT, cooled by a 20 ms molasses phase, and transferred into the magnetic trap.
This magnetic trap is of the Ioffe-Pritchard type, i.e., it is purely static and it consists of a nonzero local minimum of the modulus of the magnetic field. The field is generated by three identical circular coils whose axes point towards 1x, 2x, and 1y, respectively (z denotes the vertical axis), and whose centers are at equal distance l 40 mm from the center O of the trap (Fig. 1) . Each coil has 80 turns with an average diameter of 34 mm. The quadrupole MOT field is generated with the 1x 2 x pair and leads to trapping around O. At the end of the molasses phase, the atoms are optically pumped into the state F m F 4 (quantization axis along y) by a 100 ms laser pulse. 0031-9007͞ 98͞80(9)͞1869(4)$15.00
With the same current running through the three coils, the resulting field has a local minimum in O which ensures that the atomic cloud from the MOT is centered in the magnetic trap. The leading terms in the magnetic field variation around O are ͑b 0 x, B 0 1 b 00 y 2 ͞2, 2b 0 z͒. For a 51-A current we get B 0 11 mT, b 0 1.1 T͞m, and b 00 60 T͞m 2 . Near its center the trap is nearly harmonic and has oscillation frequencies v x v z ͑mb 02 ͞mB 0 ͒ 1͞2 2p 3 11 Hz and v y ͑mb 00 ͞m͒ 1͞2 2p 3 8 Hz, where m is the Bohr magneton and m the atomic mass. The ratio between velocity and position widths in the MOT, Dy͞Dx ഠ 2p 3 10 Hz, is close to v x,z and v y , which ensures a minimum loss in phase space density during the transfer to the magnetic trap.
Once magnetically trapped, the atomic cloud is further compressed by reducing B 0 to 0.15 mT using a pair of Helmholtz coils aligned with the y axis (Fig. 1) . The transverse (x -z) oscillation frequencies increase to 90 Hz while the longitudinal ( y) frequency remains unchanged. At this stage the cigar-shaped atomic cloud contains N ഠ 5 3 10 7 atoms at 100 mK and has a peak density 6 3 10 10 cm 23 .
We then perform a forced evaporation [8] using a sweeped radio-frequency field n rf which allows us to adjust the temperature of the atomic sample. The field induces an adiabatic transition from m F 4 to m F 24 at a position depending on n rf . This allows one to eject selectively the high energy tail of the atomic distribution. The frequency n rf is ramped down linearly in 10 s from 4 MHz to an adjustable final value. The smallest temperature for the present data is 7 mK, obtained for n rf 700 kHz and N 0.76 3 10 6 . Once the cloud is prepared at the desired temperature, the rf field is turned off and the atoms remain in the dark for a variable relaxation time, ranging between 0 and 300 s, after which we measure the number of remaining atoms and their temperature.
The detection is made by an absorption imaging technique. The magnetic trap is switched off in 300 ms, while a 0.1 mT magnetic field directed along x is applied. During this switching-off, the atomic magnetic moments follow adiabatically the local direction of the field at the center of the trap and end up aligned with the x axis. A 100 ms pulse from a weak (30 mW cm 22 ) circularly polarized probe beam resonant with the closed transition j6S 1͞2 , F m F 4͘ ! j6P 3͞2 , F m F 5͘ and propagating along x illuminates the atomic cloud. A 1:1 optical system images the probe beam with the atomic cloud onto a CCD array. A second image with no atoms is taken 200 ms later to determine the laser intensity profile. The logarithm of the ratio of the two images then yields the cloud's optical density.
In this way we have access to the column density R n͑r͒ dx, where n͑r͒ is the spatial density. Assuming a Gaussian spatial distribution with a cylindrical symmetry around y, we determine the number N of atoms in the cloud and its temperature T . This measurement is destructive, so we repeat the procedure for the same initial conditions and for various relaxation times. The rms fluctuations are ϳ5% for the initial atom number and ϳ2% for the initial temperature.
Typical time evolutions for N and T are shown in Figs. 2(a) and 2(b) . The evolution for N͑t͒, shown in logarithmic scale, clearly exhibits a nonexponential behavior which is a signature of a multibody decay process. The decrease of N is accompanied by an increase of T that can be simply understood. Any inelastic loss process occurs preferentially at the center of the trap where the atomic density is maximum. The atoms undergoing an inelastic collision therefore have a belowaverage potential energy and the elimination of these atoms leads to a relaxation heating of the cloud [8] .
For a more quantitative analysis, we now assume that the nonexponential decay is caused by a two-body inelastic process with a cross section s in b͑y͒͞y, where y is the relative velocity of the two colliding particles [9] . When y tends to zero, the rate coefficient b͑y͒ is known to have a finite nonzero limit [10] . We put q 3 ͑3 1 3͒k B T for the average energy removed from the harmonic trap when two atoms escape after an inelastic collision. The constant q accounts for the below-average potential energy mentioned above. When b͑y͒ varies over the thermal distribution, q also accounts for the difference between the average kinetic energy of each colliding particle and ͑3͞2͒k B T . For instance, b͑y͒~y 22n leads to q ͑9 2 2n͒͞12. We obtain
where
p 2 is the average density in the trap and G͑T͒ is the two-body rate coefficient which can be calculated from b͑y͒. The coefficient a describes losses from the trap due to collisions with the residual background gas. Using n~N T 23͞2 we get ᠨ n 2an 2Gn 2 , whereG ͓1 1
In the simple case b͑y͒ b 0 one finds q 3͞4, b 0 G ͑8͞11͒G, and
Initially, we tried to fit with this function each data set giving the time evolution of n. We found aG depending on the initial temperature of the data set. This is not consistent with the hypothesis b͑y͒ b 0 . Consequently, we have used the following procedure to extractG͑T ͒ from the experimental data. We first divide each data set into three time intervals during which the temperature is constant to within 610% with a mean value T i (i 1, 2, 3) [ Fig. 2(c) ]. This ensures that alsoG changes little within each time interval. We then perform a least-squares fit of the evolution of n͑t͒ over each interval with Eq. (2), using n 0 andG͑T i ͒ as fit parameters [11] . The dashed and dotted curves in Fig. 2(c) are examples of the best fits in the three time intervals. The parameter a is adjusted to a 21 200 s by comparing the decay rate of samples with equal temperatures and different densities. Figure 3 shows the results of this analysis. The vertical error bars give the statistical error ofG determined from the least-squares fits. The horizontal error bars give the standard deviation of the temperature in the considered time interval. In double log scale the points are distributed along a straight line, and a linear fit gives G͑T ͒ 2. (3) The first error is statistical and estimated from the fit in Fig. 3 , whereas the second error represents systematic uncertainties in the measurement of the atomic density. The statistical error on the exponent n 0.63 is 10%. Typical values for the elastic collision rate are g e ഠ 10 s 21 , much larger than the inelastic collision rates (Gn , 0.1 s 21 ), which justifies our assumption of thermal equilibrium.
The measured value of the two-body rate coefficient G is as high as 4 3 10 212 cm 3 s 21 for 8 mK. This rate is of the same order as the one measured for unpolarized atomic samples prepared in the F 4 ground state [13] . However, in the latter case such a large rate is easily accounted for by exchange collisions. We have therefore performed a similar set of experiments at a current of only 13.8 A in the trap coils. In this case, the atomic sample is always fully polarized because only atoms in the substate F m F 4 can be held against gravity. In the temperature range 5-20 mK, the measurements in this "weak" trap lead to values forG either in agreement or even higher than the ones plotted in Fig. 3 . We attribute the deviation to residual evaporation out of the shallow trap (calculated depth ϳ30 mK) that leads to an extra density-dependent loss term.
In addition, we tried to detect atoms in the substates F 4, m F fi 4 after various relaxation times, by taking an image directly after having lowered the trap current from 51 to 13.8 A in 25 ms. Because of their different magnetic moments, atoms in the various substates fall out of the trap in successive bunches. We did not find any atoms in the m F fi 4 substates, whereas in a deliberately depolarized sample we were able to detect a 5% fraction of the atoms in m F 3. This confirms that nearly all of the atoms are lost via hyperfine-changing collisions.
We now return to the variations of N͑t͒ and T ͑t͒ given in Fig. 2 , which we model using G͑T͒ g 0 T 20.63 and the analytical solutions of (1) . For this data set, the best fit is obtained for g 0 1. the increase of T . This is the case for the six data sets considered here, except for the one with the lowest initial temperature. For this data set the temperature increase is larger than predicted by ϳ50%. The reason may be smallangle collisions between the trapped atoms and the fast atoms created during inelastic cold collisions, the coldest cloud being the most sensitive to this extra-heating term.
The present results for the two-body decay rate G are much higher than the values measured or predicted for other cold alkali metals such as lithium, sodium or rubidium in their doubly polarized state. Those values are all in the range ͑6 20͒ 3 10 215 cm 3 s 21 [14 -16] . The values predicted a few years ago for a cold gas of doubly polarized Cs atoms were also in that same range [4] . The discrepancy of 3 orders of magnitude between those predictions and the present results can be explained in two complementary fashions.
First, the zero-energy resonance recently observed for cold Cs elastic collisions [6] is a signature for a bound or virtual state very close to the dissociation limit of the Cs-Cs triplet potential. This leads to a large s-wave scattering length a (jaj . 140 Å [6, 17] ). It also enhances strongly the occupation probability at short relative distances for the low energy collisional states of two Cs atoms. Hence, the rate for any two-body inelastic process will be large. Furthermore, b͑y͒ is expected to increase for decreasing y until it saturates forh͞my . jaj, i.e., T , 5 mK. This qualitative argument is in accordance with the measured variation of G͑T ͒ over the studied temperature range.
Second, there exists, in addition to the standard dipoledipole interaction, an extra spin-spin coupling, arising as a second-order effect in the electronic spin-orbit coupling [18] that was not included in [4] . Recent calculations including this extra term lead to predictions of the same order as the observed decay rates [19] .
Finally, we note that in our experiments the ratio between the thermalization rate due to elastic collisions g e ͞10 [6] and the loss rate due to collisions with the background gas is very favorable (ϳ200). Indeed, for an evaporation leading to quantum degeneracy, a factor larger than 50 is sufficient [20] . Nevertheless, the highest phase space density we could attain was only ϳ10 25 for a cloud at 4 mK. This limitation originates from the large spin relaxation rate which at 10 mK is only a factor of 10 below the thermalization rate. The achievement of BEC with cesium atoms in this doubly polarized state seems therefore very unrealistic [21] .
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